Electron micrographs of negatively stained nucleocapsids isolated from intact, wild-type 4)6 bacteriophage revealed three distinct morphological forms. Two-dimensional analysis of electron micrographs of two of these forms and image averaging of all forms are consistent with a dodecahedral structure embodied in the 4)6 nucleocapsid.
as well as three polycistronic double-stranded RNA segments, each of distinct length (1, 4) .
The morphology of the NC and NC derivatives, as revealed by electron microscopy (EM), is clearly different from that of other known isometric virus particles. NCs isolated from mature 4)6 virions are 45 to 50 nm in diameter and display a complex shape (2) . From cells infected by either wild-type phage or nonsense mutants deficient in P8 synthesis, Mindich and Davidoff-Abelson (14) have isolated a particle which they propose to be a precursor of mature NCs. These particles (120S) contain the phage proteins P1, P2, P4, and P7 but not P8 and RNA. The authors (14) found that the 120S fraction contains three types of particles: stars, circles with 10 dots, and hexagonal structures. They have suggested that the star form results from a small number of substructural transitions in the 120S particle. Emori et al. (5) have found evidence of two nucleocapsid precursors (previrions I and II) which display morphologies similar to that of the 120S particle described above.
In this study, we isolated the NC from wild-type 4)6 phage by using Triton X-100. NC preparations, negatively stained by phosphotungstic acid (PTA) for EM, confirmed the existence of three type of particles: (i) rings with 10 dots, (ii) irregular hexagons, and (iii) sixfold stars. Rotational averaging of images of these three forms showed five-, two-, and threefold axes of symmetry, respectively. Measurement of the geometric proportions of particle types (i) and (ii) showed that they were, within measurement error, identical to corresponding proportions of a regular dodecahedron, but different from those of a regular icosahedron. On this basis, we propose that the three morphological forms of the NC seen in this study by EM and the three types of 120S particles (14) Rotational averaging of NC images. The signal-to-noise ratio of selected images, and thus the recognition of rotational symmetry of the three morphological types of NCs, was improved by rotational photographic averaging (12) .
Measurement of particle proportions. Geometric proportions within two of the morphological forms, (i) rings with 10 dots and (ii) irregular hexagons, were measured on photographic prints of the original electron image plates by using a calibrated ruler with 0.5-mm divisions. The NC diameter on prints was about 15 mm. There was no significant difference between proportions in free and clustered NCs.
Recovery of double-stranded RNA from 4)6 NC. Purified NCs were disrupted with sodium dodecyl sulfate and sub- jected to double-phase phenol extraction with 100 mM sodium phosphate buffer (pH 7.0). After extraction, the Na+ was lowered to 1 mM by dialysis in the presence of 0.1 mM disodium EDTA. Thermal denaturation of the recovered nucleic acid was monitored at 258 nm with a Gilford 2000 recording spectrometer. The sample chamber was heated at a constant rate of 0.2°C min-' by a circulating ethylene glycol-water solution. (Fig. la) , but partial disruption of the envelope, during storage at 4°C before being mounted on grids, revealed both ring and hexagonal forms (Fig. lb) . After removal of the envelope, three distinct forms were persistently seen (Fig. 2a) , descriptively identified as (i) irregular hexagons, (ii) rings (often with 10 dots), and (iii) sixfold stars. The four long edges of the negatively stained, irregular hexagons were consistently seen in higher contrast than the two remaining edges. Forms (i) and (ii) were found with high frequency, and form (iii) was found with low frequency. Our sixfold stars differ from the stars, identified earlier (14) , which have no symmetry axis.
Rotational image averaging. Figure 2b to d shows mutiple exposures of NC images on photographic paper at n rotations of Thin, in which n is an integer generating the best structural definition (12) . Not shown are other n-fold rotations resulting in blurred images. We concluded that each of the three distinct forms has an axis of symmetry perpendicular to the plane of the image corresponding to these NC symmetry axes: fivefold for the ring, twofold for the irregular hexagon, and threefold for the sixfold star.
Zone sedimentation of NC. The question arose whether the three observed forms represented three different NC species. We therefore attempted to separate and isolate them by zonal sedimentation but were unsuccessful. Hence, the NC samples were either homogeneous or contained a mixture of particles whose differences in density and shape combined in such a way as to result in identical sedimentation velocities. EM (20) .
(ii) Each of the three forms observed has its own symmetry axis (Fig. 2) (3, 11) and Klug (10) .
The surface/volume ratio of a regular dodecahedron is only 3.2% higher than that of a regular icosahedron. Thus. containment of the genome in a dodecahedral framework should not be a significant disadvantage in this regard. icosahedral symmetry are the regular icosahedron and the regular dodecahedron, having parallel projections as illustrated in Fig. 3 . We have shown (Fig. 4) that the geometric proportions in the NC images of rings and irregular hexagons are, within measurement error, those of projected regular dodecahedra and not of regular icosahedra. Among the more complex bodies of icosahedral symmetry is the deltahedral family of polyhedra (3) whose faces are equilateral triangles ("icosadeltahedra"). An example is the pentakis dodecahedron (9) , illustrated in reference 13 . We did not find evidence that would favor an icosadeltahedron over a simple, regular dodecahedron.
(iv) Parallel projection along the threefold axis of symmetry implies that the NC rests on a vertex if it is a dodecahedron and on a face if it is an icosahedron (Fig. 3) . The rarity of star forms in our samples, together with the assumption that an NC is unlikely to rest on a vertex (as yet unproven), would suggest that the NC has a dodecahedral rather than icosahedral surface.
The question must be raised as to whether or not the observed structures are preparative artifacts. We are unaware of proof that negative staining with PTA generates virus structures that are absent without PTA. However, it has been shown that PTA reveals structures in vaccinia virus selectively, depending on the pH (15) , and that this selectivity is reversible (8 We have not observed irradiation damage of the morphological features as described; these appear to remain stable in the electron beam after the first viewing.
The structures in our NC micrographs were not induced by Triton X-100 since (k6 preparations, partially disrupted by storage at 4°C but not treated with the detergent (Fig. lb) , showed ring, hexagonal and star forms indistinguishable from those of isolated NCs. Also, the same three forms are seen among sus297 NC particles isolated in the absence of Triton X-100 (14) .
It is presently not clear how an icosahedral NC structure or the proposed dodecahedral structure could be reconciled with the copy number of protein components per NC (4) and the Caspar-Klug theory (3) of capsid structure. An intriguing possibility consistent with our data and supported by Fig. 4 in reference 20 is that the structure is a rather open dodecahedral cage whose edges are assembled from rodlike proteins. An example of such a dodecahedral protein cage is seen in the multienzymic complexes of pyruvate dehydrogenase isolated from Bac illius stearothermnophilus (7). Depending on their orientation on the specimen grid, these complexes clearly displayed three forms in the EM similar to those in Fig. 3a, b , and c.
